The work provides a brief overview and the 1atest experimental results concerning the microstructure of gallium nitride. Because of the importance for the optoelectronic and electronic technologies, mainly problems related to the lattice mismatch between substrates and GaN layers are discussed. Three main substrates, sapphire, silicon carbide and high-pressure-grown bulk GaN crystals, are compared. Mosaicity, thermal strains and surface roughnesses of the GaN layers grown on those substrates are reported. The application of high-pressure technologies makes it possible to use temperatures higher by a few hundred degrees with respect to the atmospheric pressure for which the decomposition of gallium nitride occurs at temperatures below 1000°C. Annealing at pressures higher than 10 kbar and temperatures up to 1550°C causes modifications of the microstructure of GaN heteroepitaxial layers on sapphire. For example, their mosaicity decreases as observed by narrowing of the X-ray diffraction peaks. The implanted layers recover upon high-pressure annealing and give a strong dopant-related luminescence.
Introduction
Gallium nitride and its solid solutions with InN and MN are direct-wide--band-gap semiconductors covering the green/blue/UV range of the spectrum. Due to the commercial successes of the blue light-emitting diodes (LEDs) and the first c.w. blue laser operating for more than 30 h at room temperature (both constructed by Nakamura, Ref. [1, 2] ) the nitrides experience a top popularity. however, in comparison with other semiconductors, many of their physical properties are still not well known. Such a situation arises from the fact that the research is done mainly on heteroepitaxial layers grown on highly mismatched substrates, sapphire and silicon carbide. Mismatch-related defects of high concentrations make it hardly possible to measure many of the GaN features and also decrease the efficiencies of optoelectronic and electronic devices. The growth of GaN single crystals is difficult as this material at 1 atm of nitrogen decomposes at temperatures below 1000°C, whereas the melting point is of about 2500°C at pressure of about 45 kbar (Ref. [3] ).
In order to increase the available temperature range, high pressure of nitrogen must be applied. It is an approach of Unipress, where high pressure is used for growth of the unique single crystals of GaN and for annealing the heteroepitaxial layers.
The presented paper gives a short overview of the research done in Unipress on GaN microstructure and its influence on some of the optical properties.
Substrates for GaN planar technology

Lattice mismatch
The problem of critical conditions for lattice relaxation (by emitting misfit dislocations) of heteroepitaxial layers is very complex, as one should take into account not only lattice mismatch and layer thickness, but also substrate roughness, density of defects, growth mode of the layer, interaction of defects, etc. However, for the needs of this paper, Fig. 1 shows critical thicknesses and mismatches for the best known system Si-Ge (elastic properties similar to GaN) together with the first experimental results for nitrides.
It can be seen that for the most popular substrate, sapphire (16% lattice mismatch to GaN), the relaxation should occur after depositing the first mono layer. In the case of silicon carbide (3.5% mismatch to GaN), the GaN layer should start relaxing at a thickness of a few tens of angstroms.
The question can be asked if the GaN bulk crystals are potential substrates to grow a fully strained blue-laser structure. To answer this question the Nichia laser structure can be analysed. In Fig. 1 the most critical point for relaxation denoted by the letter X is shown (higher, 2% mismatch to GaN is in the quantum wells Examples of Microstructure-Related Properties ... 655 of InGaN, but they are very thin). It can be seen that most probably the Nichia laser structure grown on the GaN bulk crystal would not be relaxed. Additionally, it should be possible to construct the laser structure with thinner layers if the density of dislocations was smaller.
However, the bulk crystals are not yet commercially available and the layers on sapphire (about 10 9 1019 cm-2 dislocations) and on SiC (about 107-109 cm-2 dislocations) are the most extensively examined. The quality of these layers depends very strongly on the thickness of the buffer layers of AlN or GaN which grow amorphous at low temperatures and then crystallize at higher temperatures.
Comparison of crystallographic quality of GaN layers grown on various substrates
The most popular method of evaluating the crystallographic quality of the samples is X-ray diffraction. The typical FWHM (fnll width at half maximum) of 00.2 Cu I ι Bragg peaks (rocking curves) are of 100-1000 arc sec for GaN layers grown on sapphire and 40-250 arc sec for layers grown on SiC (both (00.1) oriented). For the homoepitaxial layers the FWHM are similar to those for the bulk GaN substrates. At present, the best bulk crystals are those grown at high pressure. They possess a nearly perfect structure (20 arc sec of the rocking curves), but usually the samples of a size up to 10 mm consist of a few crystallites of a size 0.2-5 mm misoriented by 0.1-1 arc min with respect to each other (Ref. [4] ). Mg-doped crystals are even of a higher quality as they do not have strains related to the inhomogeneities of free-electrons distribution. The largest difference between GaN layers on sapphire or SiC and homoepitaxial layers, is in the in-plane direction. This direction is not usually explored using X-ray diffraction as for this purpose a very intense X-ray beam must be used. Recent measurements showed that the FWHM of 22.0 reflection is of 20 arc sec for the bulk crystal and deposited homoepitaxial layer, whereas for the good GaN layer on sapphire is of about 0.4 degrees (only 180 arc sec for 00.2 reflection).
The other important microstructural parameter is the roughness of the substrate and the growing layer, crucial for constructing quantum structures. The roughness is not only a result of a non-optimised growth, but also is related to the relaxation process and the 3D growth mode. Figure 2 shows the X-ray reflectivity curves for the state-of-art GaN layers on sapphire of different thicknesses and homoepitaxial GaN layer grown on the chemically polished bulk crystal. Chemical polishing of GaN nitrogen-terminated side has recently been developed by Weyher et al. (Ref. [5] ). The procedure gives an atomically flat surface as was confirmed not only by X-ray reflectivity (long-range smoothness), but also by atomic-force microscopy (nanometer resolution).
Thermal strain
Lattice relaxation occurs at elevated temperatures. At lower temperatures, during cooling, thermal strain can be created if the thermal expansions of a layer and of a substrate are different. For high quality heteroepitaxial layers (for example, GaAs on Si), the thermal strain corresponds to the one calculated using the thermal expansion coefficients (TECs) of the 1ayer and of the substrate. For GaN on sapphire and on SiC the situation is more complex. For GaN on sapphire, the layers are always in-plan compressed, however, usually much less than one could expect from the TECs for those two materials. Most probably, this phenomenon is related to the microstructure of these GaN layers which are not uniform and grains may slide with respect to each other, rather than to follow the dimensions of the substrate. Thus, a thermal strain should be larger for higher quality samples. For GaN on SiC, both the compressive and tensile strains have been reported. As these layers are of a good crystallographic quality, the compressive strain is presumably a result of a non-full relaxation of the layer (thermal strain is a tensile one).
A problem, which is not solved yet, is how to calculate the relaxed lattice parameters, which may vary depending, for example, on the level of doping, from the measured parameters for the strained layers. The following formula: describes the relative change of lattice parameter c perpendicular to the surface induced by the change of lattice parameter α parallel to the surface. The Poisson coefficient v reported so far ranges from 0.20 (Ref. [6] ) to 0.37 (Ref. [7] ). From our experiments, we recommend to use the value of 0.25.
Discussing the expected thermal strains one should be aware that TECs of any semiconductor depend on many parameters (doping level, defect concentration, etc.) and may vary even by 25%. An example of how thermal expansion increases with free-electron concentration is given in Fig. 3 . This figure shows an increased difference between lattice parameters of the bulk crystal (5 x 10 1 9 cm-3 of free electrons) and the homoepitaxial layer which can be treated as a standard material of gallium nitride. Doping changes the lattice parameters not only by a hydrostatic expansion or contraction, but also changes the Poisson coefficient. For the most popular p-dopant, magnesium, its concentration of about 10 20 cm-3 increases lattice parameters by Δα = 0.006 Á and Δc = 0.009 Α (despite the smaller ionic radius of magnesium with respect to gallium). For silicon, which is a main n-type dopant, its concentration of about 10 19 cm-3 caused the following change of lattice parameters: Δα = 0.0001 Α, Δc = 0.0006 Α. Again, just using Vegard's law one would rather predict lattice contraction, because the silicon ion is smaller than the gallium one. In this case, the increase in lattice parameters can be caused by free electrons via the deformation potential of the conduction band (Ref. [8] ).
Effects of annealing on properties of GaN heteroepitaxial layers
As mentioned in the introduction, GaN decomposes at temperatures about two and a half times smaller than the melting point. For other semiconductors, an empirical 1aw predicts that the structural defects become mobile at temperatures larger than about sixty percent of the melting point. In order to extend the available annealing temperature range, we applied high pressure of nitrogen. Figure 4 shows the dependence of the FWHM of the X-ray rocking curves for one of the examined GaN layer on sapphire versus annealing temperature. It can be seen that the changes are very significant at temperatures above about 1200°C. Figure 5 presents the changes of FWHΜ for various samples grown in various laboratories. All samples were annealed for the same time (1 hour) and at the same conditions (13500C, 10 kbar). Figure 6 shows the lattice parameters of one of the samples versus annealing temperature. It can be seen that this dependence is qualitatively similar to Fig. 4 . The increased thermal strain after annealing at temperatures above 12000C cannot be explained just by using temperature higher than the growth temperature (1050°C). If it were so, differences would be observed between samples annealed at 13500C and 1550°C, similar to the differences for the samples annealed at 11500C and 1550°C. Therefore, the observed increase in the thermal strain is rather related to the mosaicity decrease.
Changes of mosaicity caused by annealng
Changes of thermal strain caused by annealng
Post-implantation annealing
One of the most popular way of introducing the dopants into semiconductors is ion implantation. For gallium nitride, this method has been reported by a number of authors. The most spectacular results were obtained by Zolper et al. (Ref. [9] ), who applied post-implantation rapid thermal annealing (RTA) at temperatures up to 1150°C. The annealing removed some of the implantation defects and both, n-type and p-type GaN layers on sapphire were produced.
In the research carried on in Unipress, we examined GaN heteroepitaxial layers implanted with Zn. Figure 7 shows the photoluminescence spectra for different temperatures of annealing. It can be seen that a temperature of about 13500C is the most efficient for having an intense PL signal. This fact is in correspondence with the improvement of crystallographic quality reported in the previous sections. At higher temperatures, it is possible that new defects are created and/or some impurities are diffused-in during the annealing procedure at nitrogen atmosphere.
Discussion
The flrst part of the paper dealt with three main substrates for GaN epitaxy, sapphire, SiC and the bulk GaN crystals. The most mature technology is the one using sapphire and buffer layers of GaN or AlN grown at low temperatures. Despite a very high density of dislocations, devices based on that technology produce a very intense light and are characterised by a long life-length. It is presumably due to a low mobility of dislocations and a certain localization of regions emitting light, for example, due to a non-homogeneous distribution of indium in the quantum wells. However, even if dislocations do not act as non-radiative centers, they scatter light, thus diminishing the intensity of emitted light. SiC substrates offer a much better crystallographic quality of the GaN layers. However, SiC crystals have their disadvantages as extended defects or not epi-ready surfaces.
The single crystals of gallium nitride grown at extreme conditions of pressure and temperature are, at present, of a size up to 10 mm and of a very low density of extended defects. An epi-ready surface obtained by chemical polishing, very good thermal and electrical conductivity make these substrates very attractive for constructing the top-effective devices. Recently, the group of M. Kamp of the Ulm University constructed a light-emitting diode based on homop-n junction (Ref. [10] ). The LED is about twice brighter with respect to the analogous one constructed using sapphire as a substrate.
The second part of the paper dealt with the application of high-pressure annealing for changing the microstructure of heteroepitaxial layers. The first experimental results are very promising. It is possible to decrease the mosaicity of the layers, as well as to make a recovery of the layer damaged by implantation. However, for some of the layers, yellow luminescence significantly increased after an annealing process. This luminescence is related to the presence of native defects (presumably, gallium vacancies). An additional phenomenon observed for the annealed samples is a high diffusion rate of dopant atoms for heteroepitaxial layers.
It creates a possibility of introducing dopants just by annealing, but has a detrimental effect if abrupt interfaces are to be created. The high diffusion rates may be related to a high concentration of dislocations in the heteroepitaxial layers. Further studies will be performed to understand the changes of layer microstructure and to optimise the annealing conditions.
